Abstract-In the operation of tokamak such as ITER, it is important to understand the behavior of hydrogen isotopes and other elements in vacuum vessel for tritium inventory control and design of the plasma exhaust process. Particularly removal of carbon-tritium codeposited layer is considered as a crucial issue for ITER, because of its suspected tritium inventory. In JT-60U, exhaust gas was analyzed in the operation of discharge cleaning and tokamak discharge experiments, and the behavior of hydrogen isotopes and carbon were investigated. In discharge cleaning experiments, the degassing rate of hydrogen isotopes in GDC (glow discharge cleaning) was much larger than that in TDC (Taylor discharge cleaning) and ECRDC (electron cyclotron resonance discharge cleaning). Exhausted hydrocarbons were far less than hydrogen. During tokamak discharge experiments, various carbon compounds such as CD4, C2D2, C2D4, C2D6 and CO2 were detected. The maximum amount of exhausted carbon was several mg for each shot. There was a strong correlation between exhausted hydrocarbon and tritium. The exhausted hydrocarbon increased with the wall temperature.
INTRODUCTION
In the operation of fusion devices, in-vessel tritium should be kept under the operational limit for the safe management. In tokamak devices, carbon materials are widely used for plasmafacing wall as low Z and high temperature property, but carbon-tritium codeposited layer (co-deposit) is considered as a crucial issue for ITER, because it is likely to hold significant amount of tritium [1] . In-vessel tritium inventory in ITER is required to be below 1.2 kg, while as long as two weeks' operation makes in-vessel tritium reach this limit. Therefore, the frequent tritium reduction operation will be needed during the D-T plasma operation period. On the previous studies in JET and TFTR, vacuum exhaust, baking, discharge cleaning, venting of the vacuum vessel etc. were carried out, and they were proved to be effective for tritium removal. But these methods can only remove it on the surface and removal of tritium in co-deposit is considered to require removal of carbon such as erosion phenomena. Oxygen is expected to be effective, but the bad effects on tokamak operation are concerned. Thus, it is essential to understand the behavior of the elements such as carbon and oxygen, and these chemical forns. Actual mechanism of co-deposit fornation, that is suspected to be mainly controlled by carbon behavior during tokamak discharge, has not been studied in large tokamak environment. Exhaust gas composition from tokamaks is not known, too. For the processing of co-deposit, practical removal techniques are yet to be investigated. In this study, we tried, therefore, to analyze exhaust gas in discharge cleaning and tokamak discharge experiments in JT-60U, in order to investigate the transport of these light elements. Information of impurities in the exhaust gas is also useful data in the deign for fuel cycle system such as fuel purification system, impurity processing system and isotope separation systems.
II. EXPERIMENTAL Figure 1 shows a schematic diagram of exhaust gas analysis system for JT The Micro-GC consists of a Thermal Conductivity Detector (TCD) and two gas separation columns. One column is Molecular Sieve 5A (1Om) which uses Ar for carrier gas and detects He, H2. The other is PoraPLOT Q (8m) which uses He for carrier gas and detects hydrocarbon and CO2. Exhaust gas was analyzed at 2-minutes intervals and the detection limit was 1 to 2 ppm. An Ion Chamber and a water bubbler system with oxidation catalyst for hydrogen and hydrocarbon were also used for tritium measurement [2, 3] .
Exhaust gas in discharge cleaning and tokamak discharge experiments was analyzed by using the above instruments. In discharge cleaning experiments, GDC (glow discharge cleaning), TDC (Taylor discharge cleaning) and ECRDC (electron cyclotron resonance discharge cleaning), which are usually used for wall conditioning, were adopted. The temperature of the vacuum vessel (room temperature -573K) and working gas for the discharges (He and Ar) were varied as the major experimental parameters. The discharge conditions of He-GDC were; applied voltage of 200V, total current of 7A, and discharge pressure of 0.3 Pa. In tokamak discharge, particularly long (10-55 seconds) pulse D2 discharges were analyzed.
III. RESULT A. Discharge Cleaning Exhaust gas was analyzed in GDC, TDC and ECRDC, which are usually used for wall conditioning. Measured gas species were mainly hydrogen and little hydrocarbon was detected. Time evolution of hydrogen concentration during He-GDC is shown in Figure 2 . All hydrogen release showed the first sharp peaks immediately after the start of He-GDC, followed by gradual decrease. Figure 3 is the comparison of the amount of hydrogen exhausted in discharge cleaning. This result shows that the degassing rate of hydrogen in GDC was larger than that in other discharges. This tendency was similar in tritium exhaustion and there was a good correlation between exhausted hydrogen and tritium. But, since exhausted hydrocarbon is 1/1000 times as much as exhausted hydrogen, it is suggested that these usual methods for wall conditioning are not efficient for removal of co-deposit. Tokamak discharges were carried out using deuterium as the working gas, and tritium is generated by D-D reaction. Most of the tritium with high energy of about 1MeV is escaped from the main plasma without energy loss and is deeply injected into the carbon tiles (-i m) [4] .
An example of the results of the analysis by Micro Gas Chromatograph in tokamak discharge is shown in Figure 4 . It should be noted that various carbon compounds such as CD4, C2D2, C2D4, C2D6 and CO2 were detected. C2D2 and C2D4 were not distinguished due to the function of the Micro-GC that their peaks of the chromatogram overlap each other, however exhaust gas seems to contain both of them on account that a C2D2/C2D4 peak was blunter than other peaks. It seems that tokamak discharge has a strong influence on Figure 5 shows the relation of tritium and total hydrocarbon removed by each tokamak discharge. This result suggests that removal of carbon is accompanied by tritium that is considered to be trapped inside of the plasma facing materials of JT-60U due to the high energy by D-D reaction. It should be noted that the amount of unsaturated hydrocarbon in tokamak discharges is far larger than that in discharge cleaning. Because these gasses have more inclinations to redeposit the wall than methane, they might form co-deposit with hydrogen isotopes at that time. As shown in Table 2 , the removal rate of carbon released and removed from the vacuum vessel was larger than that removed by any other discharge cleaning techniques, though it varied much in each shot. The total carbon removal rate was estimated to be the order of milligrams for each tokamak discharge. When it is assumed to be released evenly from the surface, it is equivalent for monolayer.
The fact that plasma exhaust gas contains these hydrocarbons has not been taken into consideration in the design of the fuel cycle system of a fusion reactor. Because the species observed in this study may affect permeability through the palladium alloy, or the activity of catalyst, the influence of these species should be evaluated in the design. Figure 6 shows the relation of methane detected by Micro-GC and ion intensity of M/e=20 (CD4) and M/e=18 (CD3) measured by QMS. Because of a good correlation between them, hydrocarbon measured by Micro-GC seems to reflect the transport of carbon in the vacuum vessel. On the other hand, a correlation between CO2 concentration and ion intensity of MIe=44 was not observed. Thus, it is suggested that CO2 measured by Micro-GC is generated in different mechanism from hydrocarbon. Amount of methane by Micro-GC (pjmol) Figure 6 . Relation of methane detected by Micro-GC and ion intensity of M/e=20 (CD4) and M/e= 18 (CD3) measured by QMS Figure 7 is the comparison of hydrocarbon species exhausted from the wall at 423K and 523K. The clear increase of carbon removal at higher wall temperature 523K is understandable from reported enhanced sputtering yield at higher temperature, 383K: 443K: 563K = 0.3: 0.5-0.6: 1 by Nakano et al. [5] , but enhancement is far larger than it. One of the possible explanations is the reduction of redeposition of hydrocarbon caused by the difference of the surface temperature, that could also be suspected as the cause of difference of co-deposit in JT-60U and JET. However, it should be noted that discharge condition for these two cases were different and this result might be affected by it. Also, nominal temperature may not reflect the actual temperature of the surface where hydrocarbon may interact.
IV. CONCLUSION
In discharge cleaning experiments, GDC was more effective for removal ofhydrogen isotopes than other discharge cleaning techniques (TDC, ECRDC). There was a good correlation between exhausted tritium and hydrogen. Discharge cleaning might not be an effective technique for removal of codeposited layer because little hydrocarbon exhausted.
Impurity species such as CD4, C2D2, C2D4, C2D6 and CO2 were detected in exhaust gas during tokamak discharges. This result that exhaust gas contains these hydrocarbons was not taken into consideration and is useful data for the design of the fuel cycle system of a fusion reactor. Tokamak discharge seems to attribute the formation of codeposited layer, because of a strong correlation between exhausted hydrocarbon and tritium. Concentration of carbon compounds varied in each shot and the maximum amount of exhausted carbon was several mg a shot, which is more than in discharge cleaning. The exhausted hydrocarbon increased with the wall temperature.
Further studies to be planned include more detailed research on the effect of the wall temperature that is suggested to be a key element of co-deposit formation by this study.
